We show that cardiac sarco(endo)plasmic reticulum Ca 2+ -ATPase (SERCA) activity differs considerably among sockeye salmon (Oncorhynchus nerka) populations. Variability in SERCA activity was significantly correlated with elevation gain and temperature during migration, as well as maximum cardiac stroke volume. Furthermore, because SERCA activity was not lowered during the spawning migration, this aspect of the cardiac contraction machinery is apparently spared during the senescence of these semelparous salmon, likely because it is essential for these fish to complete spawning. Only when spawning had been completed was there a significant reduction in SERCA activity, which was detectable in males at a 25°C and in females at a 15°C assay temperature. Hence, we propose that migration conditions act as a strong selective force that has resulted in local adaptation of myocardial SERCA activity among sockeye salmon populations.
Introduction
Organisms facing environmental change may respond with emigration, acclimation, or adaptation. When acclimation processes are insufficient to meet the demands of the new conditions, a species' vulnerability to environmental change will fundamentally be determined by their adaptive capacity (e.g., Habary et al. 2017) . In long-lived or rare species where adaptation may be challenging to directly measure, adaptive capacity may be indirectly inferred by comparing phenotypic traits across reproductively isolated populations (i.e., local adaptation and intraspecific variation; e.g., Eliason et al. 2011; Des Roches et al. 2018) . The underlying mechanisms that support such phenotypic differences can also provide clues to the adaptive capacity of the species.
We assessed cardiac sarco(endo)plasmic reticulum Ca 2+ -ATPase (SERCA) activity in four populations of wild adult sockeye salmon (Oncorhynchus nerka) in relation to their upriver spawning migration. Migration conditions (e.g., distance, elevation, temperature) vary considerably for the >100 genetically and geographically isolated populations of sockeye salmon in British Columbia, Canada, depending on the location of the spawning grounds and the timing of river entry (Crossin et al. 2004) . Furthermore, given that sockeye salmon are semelparous (one opportunity to spawn), the upriver migration conditions prior to spawning are predicted to exert a strong selective force. Indeed, physiology, morphology, and behaviour were previously found to vary across populations and were correlated with migration difficulty (Crossin et al. 2004; Eliason et al. 2011) . Since maximum cardiac performance has been determined for several populations (Eliason et al. 2011 ; also refer to the online Supplementary material, Table S1 1 ), sockeye salmon are an excellent model organism to examine the cellular mechanisms associated with maximum cardiac capacity and assess whether or not these mechanisms have been subjected to local adaptation to upstream migration conditions. In doing so, this study sheds light on the adaptive capacity of cardiac function in sockeye salmon.
SERCA plays a major mechanistic role in cardiac contraction. It enables the relaxation phase of cardiac contraction by resequestering Ca 2+ back to sarcoplasmic reticulum after contraction (Bers 2002) . Given its general importance for cardiac function, SERCA activity was chosen as a candidate cellular trait for local adaptation in sockeye salmon populations facing substantial differences during upstream migrations (distance, elevation, temperature). We also related the SERCA activity to known maximum cardiac performance metrics (i.e., maximum heart rate (f H ) and stroke volume (V s ); population-specific data from Eliason et al. 2011 Eliason et al. , 2013 (different fish than used in this manuscript); Table S1 1 ) of these populations. Specifically, we tested the prediction that a challenging upstream migration (long distance, high elevation gain, and high temperature) is associated with greater cardiac SERCA activity. In addition, SERCA activity was compared between males and females because female salmon have smaller ventricles compared with males and female salmon suffer higher mortality rates than males at high temperature (e.g., Martins et al. 2012) . We hypothesized that males would have higher SERCA activity than females. Lastly, SERCA activity was measured in fish early in the migration as well as on their spawning grounds to test the hypothesis that SERCA activity decreases before spawning with the onset of senescence.
Materials and methods

Animals
The experiments were approved by the Canadian Council on Animal Care (A11-0215 and A12-0250). Wild, upstream-migrating adult sockeye salmon from four populations (Chilko, Early Stuart, Adams, Harrison) were collected with beach seine or gill nets early in their spawning migration (Fig. S1 1 ) . The time and temperatures of capture were as follows: Chilko (July 2015, 20.5°C), Early Stuart (July 2013, 16.6°C), Adams (September 2014, 15.1°C), Harrison (October 2013, 13.3°C). To evaluate for a change in SERCA activity during migration, the Adams population was additionally sampled in the ocean near the mouth of Fraser River (September 2014, 12.4°C) and at the Adams River spawning area (October 2014, 13.0°C) as either freshly arrived or spawned-out individuals (Fig. S1 1 ) . Water temperature in the lower part of Fraser River during the population-specific migration times relative to the yearly Fraser River maximum temperature is shown in Fig. S2 1 . Each fish was euthanized at capture before the ventricle was rapidly removed and immediately freeze-clamped in liquid nitrogen. Samples were stored at −80°C prior to analysis. Each fish was also individually weighed and measured (Table S2 1 ). An adipose fin clip was used for population identification via DNA analysis (Beacham et al. 2005) to confirm that the analysis was performed only on fish from the targeted populations.
SERCA activity
SERCA activity was measured according to Aho and Vornanen (1998) with minor modifications. Briefly, ventricle samples were homogenized in 10 volumes homogenization buffer (in mmol·L −1 : sucrose, 200; L-histidine, 40; EDTA, 1; and NaN 3 , 10; pH 7.8) with three volumes (by mass) of zirconium oxide beads (0.5 mm, Next Advance, Averill Park, New York, USA) by shaking twice for 2.5 min at 1700 rpm (2010 Geno Grinder, SPEX, Metuchen, New Jersey, USA, or Tissue Lyser, Qiagen, Austin, Texas, USA). The activity of SERCA was determined as the difference in ATP hydrolysis in the presence and absence of SERCA-inhibitor thapsigargin (20 mol·L −1 ; i.e., nmol PO 4 liberated·mg tissue −1 ·min −1 . The enzyme reaction was initiated by adding 180 L of substrate solution (in mmol·L −1 : Hepes, 20; KCl, 200; MgCl 2 , 15; NaN 3 , 10; EGTA, 1; Na 2 ATP, 5; CaCl 2 , 1; and Triton X, 0.005%; at pH 7.5) to 20 L of homogenate solution (with or without thapsigargin) and terminated after 10 min of incubation with 200 L ice-cold 0.8 mol·L −1 perchloric acid (Walter and Seebacher 2009) . After terminating the reaction, the samples were centrifuged (1000g, 10 min at 4°C). The liberated inorganic phosphate was determined via the ammonium molybdate assay (Bonting et al. 1961) . When comparing populations, assays of the thermal sensitivity of SERCA activity were performed at five temperatures (5, 10, 15, 20, and 25°C) , but only at 5, 15, and 25°C when comparing migration state for the Adam's population. All the reagents were purchased from Sigma-Aldrich, Oakville, Ontario, Canada.
Statistical analyses
Statistical analyses were performed using SigmaPlot 13.0 (Systat Software Inc., San Jose, California, USA) and with SAS statistical software version 9.4 (SAS Institute Inc., Cary, North Carolina, USA) using ␣ ≤ 0.05 for statistical significance. Data normality and homogeneity were tested with Kolmogorov-Smirnov and Levene tests, respectively. The SERCA activity data was log-transformed to meet the assumptions. To reveal population differences in SERCA activity in the beginning of migration, a two-way ANOVA was used with population and assay temperature as factors, followed with a post hoc Holm-Sidak test. The influence of population-specific migration difficulty (distance, elevation, and capture temperature; Tables S1, S2 1 ) and cardiac capacity (mean population values for maximum f H and V s ; Table S1 1 ) on SERCA activity in 15 and 20°C were analysed with general linear models (GLIMMIX procedure in SAS) with lognormal distribution and identity link function. Population was used as random factor. Degrees of freedom were calculated with Kenward-Roger method and post hoc pairwise comparisons were performed using Tukey's test. The influence of upstream migration was analysed merely from fish from Adam's population. Three-way ANOVA compared SERCA activity between sexes, upstream migration stage, and assay temperatures. A post hoc Holm-Sidak test was performed to detect which migration stages differed from each other. Values are presented as mean ± SE if not stated otherwise.
Results
Population differences in SERCA activity
SERCA activity, when compared at five assay temperatures and across four different populations for female fish caught early in their upstream spawning migration, revealed significant differences among populations (F [3, 178] = 72.6, p < 0.001) and among assay temperatures (F [4, 178] = 32.7, p < 0.001), with significant interactions among populations and assay temperatures (F [3, 4, 178] = 3.0, p < 0.001; Fig. 1a) .
SERCA activity had a strong positive thermal dependence for all four populations (Fig. 1a) . Furthermore, the precise thermal dependence of SERCA activity was markedly population-specific. While SERCA activity measured at 5°C was not significantly different among the four populations, differences progressively emerged with higher assay temperatures. For example, SERCA activity was significantly higher at 10°C compared with 5°C for the Chilko population (p < 0.001), but for no other population. However, at 20°C, SERCA activity in the Chilko population was 2.1 times greater than the next highest (Early Stuart population, p < 0.001) and an impressive 4.6 times greater than that for the population with the lowest SERCA activity (Harrison; p < 0.001; Fig. 1a) .
Both the migration difficulty and population-specific cardiac capacities were associated with SERCA activity (Table S3 1 ; Figs. 1b-1d ). Migration elevation was significantly related to SERCA activity at 15°C (F [1, 32] = 17.99, p = 0.0002) and at 20°C (F [1, 32] = 33.03, p < 0.0001; Fig. 1b) . The capture temperature was also positively related to SERCA activity at both temperatures (15°C: F [1, 33] = 30.17, p < 0.0001; 20°C: F [1, 33] = 43.97, p < 0.0001; Fig. 1c) . However, migration distance did not have a significant relationship with SERCA activity (Table S3 1 ) . Maximum cardiac stroke volume was related to SERCA activity both at 15 and 20°C assay temperatures (F [1, 32] = 3.94, p = 0.004; F [1, 32] = 8.16, p = 0.0075, respectively), while the maximum heart rate was not related to SERCA activity in either assay temperature ( Fig. 1d ; Table S3 1 ).
Changes in SERCA activity during migration
The influence of migration stage on SERCA activity was studied in both females and males from the Adams population that had been captured just before they entered the Fraser River, as well as at two difference stages of senescence after arrival on the spawn-ing area. Migration stage (F [2, 142] = 6.7, p = 0.002) and assay temperature (F [2, 142] = 61.8, p < 0.001) had significant effects on SERCA activity, with significant interactions (F [2,2,142] = 2.6, p = 0.04). There were no large differences in SERCA activity between males and females (F [1, 142] = 3.2, p = 0.078).
Migration stage affected SERCA activity depending on assay temperature and sex. At 25°C, spawned males had reduced SERCA activity when compared with early in the migration (p = 0.026), unlike female fish (p = 0.3). Female fish that were newly arrived on the spawning grounds had the highest SERCA activity at 15°C (p < 0.035; Fig. 2 ). However, there were no significant differences in SERCA activity in female fish at 5°C or in male fish at 15°C.
Discussion
The present study provides clear support of the hypothesis that intraspecific variability of an important cellular trait for cardiac contraction, namely cardiac SERCA activity, is related to upstream migration difficulty among sockeye salmon populations. Specifically, the highest cardiac SERCA activity and highest maximum cardiac functional capacities were common to the population (Chilko) that was about to embark on a river migration with the highest elevation gain to reach its spawning area (Table S1 1 ; Eliason et al. 2011 ). This population also encounters the highest river temperatures during migration. Consequently, we provide the first intraspecific study that links environmental differences with functional cardiac differences at the cellular level (i.e., SERCA activity). The implication of this discovery is that SERCA activity could be a marker for (local) adaptation to environmental conditions across and within a broader range of fish species than studied here. This idea aligns with previous work showing that SERCA activity varies across a marine species within the same genus and may be associated with their environmental experiences (Castilho et al. 2007 ). Equally important is that we link enhanced cardiac SERCA activity with elevated cardiac stroke volume among sockeye salmon populations for the first time.
Contrary to our hypothesis, mass-specific SERCA activity displayed only minor differences between sexes. Thus, differences in SERCA activity are unlikely to contribute to the higher mortality observed in female salmon at high temperature (e.g., Martins et al. 2012) . Remarkably, SERCA activity did not decrease until an advanced state of senescence during spawning and did not decline with the known decline in physiological condition during river migration (Hruska et al. 2010 ). Actually, in female fish measured in 15°C assay temperature, the SERCA activity even increased Fig. 1. (a) The activity of SERCA in ventricles of female fish from four different populations caught in fresh water during the early part of their upstream migration. The population differences of SERCA activities were measured at five different assay temperatures. Different letters indicate significant differences between groups (p < 0.05). Also shown is the relationship between SERCA activity in 20°C assay temperature and population-specific migration elevation (b), capture temperature (c), and maximum stroke volume (d). The relationships were calculated with general linear models (GLIMMIX procedure in SAS). Values are means ± SE; n = 10 for Early Stuart, n = 12 for Chilko, n = 10 for Adams, and n = 8 for Harrison populations. during migration. We interpret this result as a sparing of the cellular cardiac contraction machinery during migration presumably because cardiac function is essential for completing the oncein-the-life-time spawning migration and spawning behaviours.
From an ecological perspective, the conditions encountered during the adult upriver migration likely act as a strong selective force for enhanced whole animal function and cardiac capacity, which have to be supported at the cellular level. Understandably, a salmon facing a river reach with high river velocities will require an elevated maximum swimming capacity (Hinch and Bratty 2000) that is supported by an elevated cardiac performance (Eliason et al. 2011 ). Elevation gain is a primary determinant of the water velocity against which the salmon swim. This study found that SERCA activity correlated with the river temperature when the fish were sampled as well as with elevation gain during migration (i.e., enabling maximum cardiac performance at high temperatures in fast-flowing river reaches). Importantly, a training effect associated with performing either a difficult or an easy river migration can be eliminated as a potential explanation for these intraspecific differences for two reasons: fish were sampled at the start of their river migration, and SERCA activity was largely unchanged during the river migration to the spawning area. Nevertheless, we cannot exclude the possibility that behavioural differences among populations during their ocean migration prior to the spawning migration could have influenced SERCA activity.
The thermal sensitivity of SERCA activity also differed appreciably among populations, which is an important novel discovery. SERCA activity significantly increased between 5 and 10°C only for the Chilko population. This result may be related to the need for this population to sustain an elevated cardiac performance during the challenging, cold river sections (7°C during September prior to spawning; Patterson et al. 2007) . All the populations studied encounter temperatures ranging between 12 and 20°C during their migration in the mainstream Fraser River (Patterson et al. 2007 ; Fig. S2 1 ) , and population differences in SERCA activity were clearly evident at these assay temperatures. However, intraspecific differences were most pronounced at the highest assay temperatures, which is perhaps not surprising given that Chilko and Early Stuart can routinely encounter temperatures near 20°C whereas Adams and Harrison encounter cooler temperatures (Fig. S2 1 ) . Although the highest assay temperature (25°C) exceeds current peak temperatures (>22°C) in the Fraser River (Fig. S2b 1 ) , sockeye salmon populations migrating in the Snake River, Idaho, have encountered 24°C (Keefer et al. 2008) , and peak summer Fraser River temperature has increased by ϳ2°C over the last 60 years (Patterson et al. 2007 ; Fig. S2 1 ) . It remains to be seen whether these populations can adjust to the increasing temperatures in the future via changes in behaviour (e.g., Hague et al. 2011) or adaptations to physiological tolerance (Eliason et al. 2011) .
Population variability in SERCA activity was found to positively correlate with maximum stroke volume, but not maximum heart rate. The intuitive explanation of this result is that SERCA is more important for stroke work (stroke volume × mean arterial pressure) than heart rate because the force of cardiac muscle contraction depends partly upon how much Ca 2+ is cycled between contractions (e.g., Westerblad and Allen 1996) . Ca 2+ cycling and SERCA activity are intimately related, and they may be enhanced by ␤-adrenergic stimulation through phosphorylation of phospholamban, which activates SERCA (MacLennan and Kranias 2003) . Such modulation could prove to be an important mechanism to enhance cardiac function and aerobic scope in Chilko sockeye salmon because they have an especially high density of cardiac ␤-adrenoceptors (Eliason et al. 2011) . All the same, there are several other calcium-handling proteins involved in cardiac contraction (as well as their regulatory proteins), and further study could reveal similar associations among these proteins, migration difficulty, and cardiac contraction capacity. It also needs to be stated that the cardiophysiological measurements were done from different fish than the SERCA activity measurements (i.e., connection was made merely at the population level). Since the river temperature varies between years (Fig. S2 1 ) , and as we showed, the environmental temperature is connected to SERCA activity, this could have influenced on our results. In future studies, analyses of both SERCA activity and cardiac capacities need to be made at the individual level when estimating the connection between SERCA activity and cardiac capacities of the fish.
In conclusion, our study demonstrated that cardiac cellular function (SERCA activity) and its thermal sensitivity differ substantially across sockeye salmon populations, and these differences can be related to differences in their ecology (migration difficulty and thermal environment) and physiology at the popu- Fig. 2 . The activity of SERCA (nmol·mg tissue −1 ·min −1 ) using three different assay temperatures in ventricles of female and male sockeye salmon from the Adams population sampled at different times during the upstream migration: (a) 5°C, (b) 15°C, and (c) 25°C. The assay temperature had significant effects on SERCA activity (F = 61.8, p < 0.001). Differences in SERCA activity between males and females did not reach statistical significance (F = 3.2, p = 0.078). Different letters indicate significant differences between migration status in female fish in 15°C assay temperature and in male fish in 25°C assay temperature (p < 0.05). No other significant differences were found. Values are means ± SE; n = 10 for ocean migrators, n = 9 and 11 for female and male river migrators, respectively, n = 8 for fresh arrivals, and n = 8 and 6 for spawned out females and males, respectively. lation level (maximum stroke volume). We suggest that the migration difficulty has acted as a strong selection force and has induced local adaptation that is reflected in intraspecific cellular and functional cardiac performance seen here. We therefore propose that enhanced SERCA activity is an important component of the cellular mechanisms conferring increased cardiac performance and may be a common target for adaptation across taxa. Understanding the mechanistic basis of these intraspecific differences and their association with migration difficulty will be useful in the management of wild sockeye salmon populations.
